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Introduction
Radiation-induced absorption in optical fibers has been a subject of considerable interest throughout the worldl'2.
As availablility and applications of fibers have evolved from "first window" systems operating near 850 nm to "second window" systems near 1300 nm, interest in wavelength dependence of radiation effects in optical fibers has similarly evolved.
Several recent studies have explored secondwindow radiation effects with both steady state measurements3'4 and, to a limited extent, with transient measurements5.
No previous studies have explored the transient regime for times shorter than 10 us.
The present work summarizes second -window, radiation -induced transient absorption measurements in optical fibers for times shorter than 5 us. Comparisons to first window data for these fibers are also presented. Only high purity silica fibers with low -OH concentrations were used in the present study to avoid the large OH absorption band in this region.
This paper also collects first window data on several high -OH optical fibers. Preliminary data published previously are confirmed for one specific fiber type.
Experimental Details
A Hewlett-Packard Febetron Model W 706 pulsed accelerator provided a 1.5 ns, 600 keV electron pulse after minor modification7. The fiber geometry was identical to that of ref. 8 and utilized a fiber length of 0.5 -1.5 m in a single -layer coil of diameter less than 3.5 cm.
The accelerator pulse was synchronized to a pulsed external light source.
Injection laser diodes (ILD) were used as light sources. For first window experiments, a Thomson ILD, type SE756, delivered 3 mw at 840 nm from its fiber pigtail. About 0.6 mw were present in the dosed region. A Hewlett-Packard 81589A receiver provided a dc-400 MHz frequency response with a sensitivity of 1 V /mw.
For second window experiments, a Mitsubishi FU -31LD ILD provided 2.5 mw at 1280 nm from a fiber pigtail.
A receiver of moderate bandwidth (65 Mhz) incorporated a RCA C30986 -090 photodiode with response from 900 to 1500 nm.
A narrow band filter preceded the receiver and prevented excessive Cerenkov light from reaching the detector.
Correction for Cerenkov light was nevertheless required, although this light persisted only during the short accelerator pulse. Particularly for the second window measurements, excess ILD noise complicated the measurements.
This noise was greatly reduced by two techniques: rotation of the filter to prevent back -reflections into the ILD, and introduction of a mode scrambler at the fiber input.
The latter technique was incorporated only for second window data and probably reduced modal instability problems arising where the narrow band filter was positioned. At this location the light was collimated, passed through the filter, and then refocused into a fiber pigtail on the receiver. The experimental layout is summarized in Figure 1 . Dosimetry was traceable to radiachromic films from Far West Technology, Inc.
(Goleta, CA).
These films provided calibration of a Farady cup current monitor in units of absorbed dose.
Dosimetry details duplicated the procedure of ref 6 . The Farady cup signal and the receiver outputs were recorded on Tektronix 7104 oscilloscopes over a wide range of sweep times.
All absorbed doses are expressed in units of rads (5102).
Depth dose profiles were measured and are shown in Figure 2 together with the effective core regions for fibers tested herein.
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A Hewlett-Packard Febetron Model # 706 pulsed accelerator provided a 1.5 ns, 600 keV electron pulse after minor modification 7 . The fiber geometry was identical to that of ref. 8 and utilized a fiber length of 0.5-1.5 m in a single-layer coil of diameter less than 3.5 cm. The accelerator pulse was synchronized to a pulsed external light source.
Injection laser diodes (ILD) were used as light sources. For first window experiments, a Thomson ILD, type SE756, delivered 3 mw at 840 nm from its fiber pigtail. About 0.6 mw were present in the dosed region. A Hewlett-Packard 81589A receiver provided a dc-400 MHz frequency response with a sensitivity of 1 V/mw. For second window experiments, a Mitsubishi FU-31LD ILD provided 2.5 mw at 1280 nm from a fiber pigtail. A receiver of moderate bandwidth (65 Mhz) incorporated a RCA C30986-090 photodiode with response from 900 to 1500 nm.
A narrow band filter preceded the receiver and prevented excessive Cerenkov light from reaching the detector. Correction for Cerenkov light was nevertheless required, although this light persisted only during the short accelerator pulse. Particularly for the second window measurements, excess ILD noise complicated the measurements. This noise was greatly reduced by two techniques: rotation of the filter to prevent back-reflections into the ILD, and introduction of a mode scrambler at the fiber input. The latter technique was incorporated only for second window data and probably reduced modal instability problems arising where the narrow band filter was positioned. At this location the light was collimated, passed through the filter, and then refocused into a fiber pigtail on the receiver. The experimental layout is summarized in Figure 1 . The first two fibers were part of a testing program coordinated under the auspices of a NATO effort.
Data are presented in two forms for the four fibers. In Figures 3 -5 , the dosenormalized transient absorption at 100 ns (in units of db /m -krad) is presented as a function of dose for both wavelengths.
Distinction is made between predosed and new fiber in the figures.
For the Heraeus fiber (b) data in Figure 4 , predosed fiber show substantially greater damage. For the Dainichi fiber (a) in Figure 3 , pre-exposure of the fiber causes little increase in induced absorption. In Figures  3 and 4 , a strong nonlinearity is noticeable, with low dose leading to far greater damage.
This phenomenon has been seen in all previous transient studies. Transient attenuation of Dainichi ST100B optical fiber at 840 and 1280 nm wavelengths.
The attenuation value measured 100 ns after exposure has been divided by dose for this presentation.
Distinction is made between new and predosed fiber.
Lines are intended only to guide the eye through data at each wavelength.
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Experimental Data
Low-OH Fibers
Radiation-induced transient absorption for four low-OH fibers was measured in both first and second windows. The four fibers were: a) Dainichi ST100B fiber using a Diasil preform b) Heraeus SW1.2/401 fiber using a Suprasil W preform c) Schott P2347E from a plasma-impulse CVD preform 9 . d) A low-OH fiber from Polymicro Technology (PMT)
The first two fibers were part of a testing program coordinated under the auspices of a NATO effort.
Data are presented in two forms for the four fibers. In Figures 3-5 , the dosenormalized transient absorption at 100 ns (in units of db/m-krad) is presented as a function of dose for both wavelengths. Distinction is made between predosed and new fiber in the figures. For the Heraeus fiber (b) data in Figure 4 , predosed fiber show substantially greater damage. For the Dainichi fiber (a) in Figure 3 , pre-exposure of the fiber causes little increase in induced absorption. In Figures  3 and 4 , a strong nonlinearity is noticeable, with low dose leading to far greater damage. This phenomenon has been seen in all previous transient studies. The attenuation value measured 100 ns after exposure has been divided by dose for this presentation. Distinction is made between new and predosed fiber.
Lines are intended only to guide the eye through data at each wavelength. The attenuation value measured 100 ns after exposure has been divided by dose for this presentation. Distinction is made between new and predosed fiber. Lines are intended only to guide the eye through data at each wavelength. However, for all four fibers, no significant changes in the recovery dynamics were observed either for different doses or for predosed vs. new fiber. A limited number of tests for second window data have been completed, leading to coverage of a limited range of doses in the present data. Furthermore, the combination of reduced bandwidth receiver and low fiber absorption (which required long lengths of dosed fiber) precluded useful data for times below about lOns for second window data.
Suprasil Core (High -OH) Fibers
In ref. 6 , preliminary first window data for Polymicro Technologies (PMT) FHP 100 fiber were shown. At that time only a few data points were available for this fiber.
Those early data showed very impressive radiation resistance. That fiber had a 100 um core, a 110 um cladding, 125 um buffer layer, and was drawn from a Suprasil SSU preform.
Two additional PMT fibers have now been tested: another 100 um core fiber with 110 um cladding and 135 um buffer layer, and a 200 um core fiber with 220 um cladding and 240 um buffer layer.
These data are collected in Figures 9 and 10, along with data for plastic -clad -silica (PCS) fiber from ITT that has been the subject of intensive previous study7 and data for a fluorosilicate -clad Suprasil core fiber (Schott PH300) that has also been extensively studied (cf. ref 6).
Discussion of Data Low -OH Fiber
Comparison of Figures 3 -5 reveal major differences.
In Figure 3 the Dainichi fiber exhibits significantly less damage at 1280 nm than the the other low -OH
fibers.
This fiber also shows little, if any, difference between predosed and new fibers, suggesting essentially complete relaxation to the original conditions in the several minutes between electron pulses.
For both the Diasil and Suprasil W core fibers in Figures 3 and 4 , the second window induced absorption is strongly reduced below the first window absorption. The data for the low -OH fiber in Figure 5 , however, clearly demonstrate that this trend is not universally correct since, for this fiber, the trend is reversed. This latter fiber also exhibits more damage at both wavelengths than the Suprasil or Diasil fibers.
The data in Figure 8 allow intercomparison of the four fibers for second window induced absorption with a dose of 50 krad.
Large differences in recovery characteristics are evident for these four fibers. The Diasil core fiber presents the best performance for this group. Comparison of transient attenuation for four fibers at 1280 nm.
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A limited number of tests for second window data have been completed, leading to coverage of a limited range of doses in the present data. Furthermore, the combination of reduced bandwidth receiver and low fiber absorption (which required long lengths of dosed fiber) precluded useful data for times below about 10ns for second window data.
Suprasil Core (High-QH) Fibers
In ref. 6 , preliminary first window data for Polymicro Technologies (PMT) FHP 100 fiber were shown. At that time only a few data points were available for this fiber. Those early data showed very impressive radiation resistance. That fiber had a 100 ym core, a 110 jam cladding, 125 urn buffer layer, and was drawn from a Suprasil SSU preform.
Two additional PMT fibers have now been tested: another 100 ym core fiber with 110 ym cladding and 135 ym buffer layer, and a 200 ym core fiber with 220 ym cladding and 240 ym buffer layer. These data are collected in Figures 9 and 10 , along with data for plastic-clad-silica (PCS) fiber from ITT that has been the subject of intensive previous study 7 and data for a fluorosilicate-clad Suprasil core fiber (Schott PH300) that has also been extensively studied (cf. ref 6).
Discussion of Data

Low-OH Fiber
Comparison of Figures 3-5 reveal major differences. In Figure 3 the Dainichi fiber exhibits significantly less damage at 1280 nm than the the other low-OH fibers. This fiber also shows little, if any, difference between predosed and new fibers, suggesting essentially complete relaxation to the original conditions in the several minutes between electron pulses.
For both the Diasil and Suprasil W core fibers in Figures 3 and 4 , the second window induced absorption is strongly reduced below the first window absorption. The data for the low-OH fiber in Figure 5 , however, clearly demonstrate that this trend is not universally correct since, for this fiber, the trend is reversed. This latter fiber also exhibits more damage at both wavelengths than the Suprasil or Diasil fibers. The data in Figure 8 allow intercomparison of the four fibers for second window induced absorption with a dose of 50 krad. Large differences in recovery characteristics are evident for these four fibers. The Diasil core fiber presents the best performance for this group. High -OH Fibers Figure 9 collects the first window induced absorption measured 100 ns after exposure and normalizes it by dose.
The two batches of PMT FHP100 fiber display very similar performance, but that performance is not matched by the other three fibers.
Ultraviolet transmission at 400 nm was documented by PMT for two of their fibers, yielding 26 and 40 db /km for the PMT FHP200/220/240 and FHP100 /110/135 fibers, respectively.
Although low UV absorption in the 200 um fiber might be expected to indicate a fiber with few defects and less radiation damage, Figure 9 does not support this hypothesis.
One possibility for the inferior performance of the 200 pm core fiber would involve the higher stress in the larger core fiber as it was wound to the same coil dimensions as the 100 pm fiber.
In the first window, these high -OH core fibers show much less damage than the low -OH fibers of In Figure 10 , these Suprasil core fibers are compared for a fixed dose of 40 krad.
While peak absorptions are quite similar, a slower recovery is evident for the large core PMT fiber, as well as the ITT -PCS and the Schott PH300. Two attributes of the PMT fibers may provide clues to their radiation resistance. Those fibers use Heraeus Type SSU preforms with a very thin clad layer, and this clad layer is uniformly doped.
The Schott PH300 fiber used a Suprasil SS preform which provided flurosilicate clad glass in only a narrow cylinder around the Suprasil core. Most of the PH300 clad material was not fluorosilicate. Furthermore, the PMT fiber is buffered with a polyimide coating, a process that requires high temperature application and could provide thermal annealing of defects. These observations, however, do not explain the observed difference between the FHP100 and and FHP200 fibers. Hlgh-OH Fibers Figure 9 collects the first window induced absorption measured 100 ns after exposure and normalizes it by dose. The two batches of PMT FHP100 fiber display very similar performance, but that performance is not matched by the other three fibers. Ultraviolet transmission at 400 nm was documented by PMT for two of their fibers, yielding 26 and 40 db/km for the PMT FHP200/220/240 and FHP100/110/135 fibers, respectively. Although low UV absorption in the 200 ym fiber might be expected to indicate a fiber with few defects and less radiation damage, Figure 9 does not support this hypothesis. One possibility for the inferior performance of the 200 urn core fiber would involve the higher stress in the larger core fiber as it was wound to the same coil dimensions as the 100 \im fiber. In the first window, these high-OH core fibers show much less damage than the low-OH fibers of In Figure 10 , these Suprasil core fibers are compared for a fixed dose of 40 krad. While peak absorptions are quite similar, a slower recovery is evident for the large core PMT fiber, as well as the ITT-PCS and the Schott PH300. Two attributes of the PMT fibers may provide clues to their radiation resistance. Those fibers use Heraeus Type 5SU preforms with a very thin clad layer, and this clad layer is uniformly doped. The Schott PH300 fiber used a Suprasil SS preform which provided flurosilicate clad glass in only a narrow cylinder around the Suprasil core. Most of the PH300 clad material was not fluorosilicate. Furthermore, the PMT fiber is buffered with a polyimide coating, a process that requires high temperature application and could provide thermal annealing of defects. These observations, however, do not explain the observed difference between the FHP100 and and FHP200 fibers. Wavelength is 840 nm. The line is intended only to guide the eye through the data for the PMT FHP100 fiber.
Future Study
The second window data presented herein are slightly compromised by restricted receiver bandwidth.
The data will be reacquired with an improved, higher bandwidth, receiver. The transient absorption of the 200 pm core PMT fiber will be studied as a function of coil radius to determine if core stress is degrading the performance.
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